We investigate experimentally the efficiency of self-propelled photophoretic swimmers based on metal-coated polymer particles of different sizes. The metal hemisphere absorbs the incident laser power and converts its energy into heat, which dissipates into the environment. A phoretic surface flow arises from the temperature gradient along the particle surface and drives the particle parallel to its symmetry axis. Scaling the particle size from micro to nanometers, the efficiency of converting optical power into motion is expected to rise with the reciprocal size for ideal swimmers. However, due to the finite size of the metal cap, the efficiency of a real swimmer reveals a maximum depending sensitively on the details of the metal cap shape. We compare the experimental results to numerical simulations.
Introduction
The eld of articial micro-swimmers has recently attracted much interest. Over the last decade, numerous types of such articial swimmers driven by self-thermophoretic, 1-3 self-diffusiophoretic [4] [5] [6] or self-electrophoretic 7, 8 surface ows have been proposed. The diversity of the driving mechanism with the simplicity of the design and controllability of their motion make them a valuable model system to study processes far from equilibrium. When such self-propelled objects are starting to interact at higher densities, coherent collective motion is observed in which the swimmers align, and form ocks, swarms or other complex patterns.
6,9-12
Most of these self-propelled particles are driven by an osmotic pressure difference across the particles surface caused by symmetry breaking of e.g. temperature or concentration proles along the particle surface realized by an asymmetric material composition. As a result of the osmotic pressure difference, a phoretic surface ow occurs, which leads, in combination with hydrodynamic boundary conditions, to a directed motion of the Janus particle.
For this propulsion they rely on externally supplied energy drawn, for example, from electromagnetic waves or chemical fuel. The efficiency of this conversion process can be evaluated by the ratio of the output power and the input power, 3 ¼ P out /P in . The output power involves the sum of all viscous losses causing the directed motion and thus requires a detailed knowledge of the created phoretic ow eld. While this ow eld has been determined theoretically, [13] [14] [15] no efficiency calculations have been based on it so far. It is known, however, that the efficiency of most articial swimmers is very low with values of typically less than 3 ¼ 10 À7 .
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A hydrodynamic upper bound of the efficiency was derived by Sabass and Seifert. 17 They predicted that the efficiency of a surface driven swimmer increases as its size decreases. For diffusiophoretic Janus type particles (driven by concentration gradients caused by catalytic reactions), theoretical studies on the size dependent efficiency 18 support this dependence but reveal a deviation for small particle sizes. Measurements of their size dependent velocity 19 exist but without considering the efficiency of the propulsion and their dependence on size.
Here we focus on self-propelled thermophoretic swimmers. We investigate their size dependent phoretic velocity to access the scaling of the relative efficiency experimentally and theoretically.
The efficiency of phoretic swimmers has been addressed by calculating the power required to pull a colloidal particle of the same radius R as the swimmer in a liquid of viscosity h (see eqn (1)) with a constant velocity equal to the phoretic velocity V th of the swimmer. 20 The power required to drag this particle is then related to the Stokes' friction F st of this probe colloid and the swimmer's velocity:
The right side of eqn (1) is useful to study the dependence of the efficiency on the size of the swimmer, as for the example carried out theoretically by Sabass, 17 while a quantitative estimate of the efficiency (3 ¼ 7.6 Â 10 À15 ) yields a similar order of magnitude as reported before. 16 The input power P in in eqn (1) relates, in general, to the energy picked up by the particle and involves different processes for different types of swimmers. In the case of catalytic swimmers, this input power is difficult to dene. Sabass and Seifert therefore consider a sum of the power lost in viscous dissipation and the propulsion power as the input power. In the present case of photophoretic swimmers, a thin metal hemisphere on a transparent polystyrene sphere is absorbing a fraction P abs of the incident laser light power P 0 . The absorbed electromagnetic energy is transformed rapidly into heat, which is released into the environment. Aer a short time period, a stationary temperature gradient arises at the surface of the particle, which induces a phoretic ow 13 that drives the particle along its symmetry axis. The input power P in is therefore well dened and corresponds to the absorbed electromagnetic power P abs . This is different from the denition of Sabass as it includes the power required to maintain a temperature eld around the hemisphere, even if this would not generate motion.
A study of the size dependence of the swimmer efficiency thus boils down to the size dependence of the absorbed power P abs and phoretic velocity V th .
The absorbed power is related to the incident power P 0 of the laser by the absorption cross section s abs (R) and the area A illuminated by the laser:
Thus the size dependence is hidden in the absorption cross section of the metal cap.
The phoretic velocity on the other side can be expressed as the product of the thermodiffusion coefficient D T and the surface temperature gradient
Both quantities may depend on size even though Piazza et al. nd a size independent thermodiffusion coefficient D T for colloidal particles. 21 Inserting these dependencies, the efficiency reads:
In the present work, we will therefore explore the size dependence of the photophoretic swimming efficiency by measuring the dependence of the phoretic velocity and the optical properties on the particle radius, ranging from R ¼ 100 nm up to 625 nm. Throughout all of these studies, the gold cap thickness Dr ¼ 50 nm of the Janus particle is kept constant (see Fig. 1 for details) . As the surface temperature prole is difficult to access experimentally, we rely on nite element simulations (FEM) for this part.
Experimental
The motion of Janus swimmers of R ¼ 100 nm to R ¼ 625 nm has been studied by dark eld microscopy. A heating laser with a wavelength of l ¼ 532 nm is focused onto the sample region. Images are recorded at an inverse frame rate of Dt ¼ 15 ms and analyzed by a single particle tracking algorithm, as described in ref. 22 . Fig. 1 (A) Definition of the relevant parameters for the numerical calculations. The particle has a radius R and a thermal conductivity k PS , the gold cap has a thickness Dr and a thermal conductivity k Au , and the environment has a thermal conductivity k water . (B) Electron microscopy image of a R ¼ 0.25 mm Janus particle.
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The single particle tracking yields the position and the orientation of the swimmer. To ensure a constant heating laser intensity at the particle position during a measurement, two different feedback based measurement schemes are employed. The rst scheme is photon nudging, 22,23 where the particle position and orientation are captured in real time and the propulsion is switched according to the particle orientation. This method allows us to trap and hold the particle close to a target position of constant laser intensity for a practically unlimited amount of time. The propulsion periods within this scheme can be analyzed by projecting the displacement of the particle in adjacent frames onto the orientation (angle f i in the lab frame) of the particle. The thermophoretic velocity V th is then the mean displacement divided by the inverse frame rate Dt:
where h.i i denotes the ensemble average. Below a particle radius of 250 nm, the orientation of the particle cannot be determined from the particle images (see Fig. 2c ). To ensure constant illumination intensity for these measurements, the sample was moved by a x-y-piezo stage to keep the particle in the center of the illumination. The thermophoretic velocity can then be determined by either the velocity autocorrelation VAC(d) of the particle (eqn (5)) or the long time limit of the mean squared displacement. The velocity autocorrelation may be used if the inverse frame rate is signicantly smaller than the rotation time of the particle. Here the rotation time and the velocity can be obtained separately. Using an inverse frame rate of Dt ¼ 5 ms is still sufficient to study the R ¼ 160 nm swimmers (s R ¼ 11.2 ms). In the case of the R ¼ 100 nm swimmers, we have employed the long time limit of the mean squared displacement. At short times, the mean squared displacement shows a ballistic behavior (MSD(d) f d 2 ), which becomes linear in the time lag d for long times, since the rotational Brownian motion randomizes the propulsion direction. The effective diffusion coefficient in the long time limit D eff is then related to the diffusion coefficient D of the Janus swimmer without propulsion plus the square of the propulsion velocity V th times the rotational diffusion time s R (eqn (6)).
A full derivation of the mean squared displacement [24] [25] [26] [27] is summarized in the ESI † together with the obtained mean squared displacements and velocity autocorrelations. To obtain the phoretic velocity, we have used the Debye-StokesEinstein predictions for a R ¼ 125 nm swimmer (particle radius plus half of the cap thickness).
Size dependence of the photophoretic velocity
With the help of the above described methods, we have determined the phoretic velocity of R ¼ 100 nm to R ¼ 625 nm Janus particles as a function of the incident laser power P 0 . As displayed in Fig. 2A , the thermophoretic velocity scales linearly for all particle sizes with the heating power. Plotting the average slope of the velocity increment with the heating power further reveals that the photophoretic velocity is independent of the particle size over the studied size range (Fig. 2B) . Since the phoretic velocity is the product of the thermodiffusion coefficient D T and the temperature gradient along the particle surface V k T, either both are independent of the particle size or their size dependencies exactly cancel each other out. A more detailed insight into this relationship may thus be obtained by considering the temperature gradient (Section 3.2), which depends on the absorbed electromagnetic power dening the temperature rise at the gold cap and the shape of the particle.
Size dependence of the absorbed power
The size dependence of the absorbed power P abs (R) is encoded in the absorption cross section s abs (R) of the metal cap by P abs ¼ s abs I, where I ¼ P 0 /A, which is the incident intensity of the heating laser. We here assume that the metal cap is a homogeneous absorber with no particular resonances (i.e. plasmon resonances). The absorbed power then depends on the volume that the incident electromagnetic wave can penetrate. The total volume of the metal cap is:
For metals, electromagnetic waves may only penetrate up to a certain depth, known as the skin-depth d. If the cap thickness is larger than this skin-depth, Dr > d (for gold and a wavelength of 532 nm, the skin-depth is d z 45 nm (ref. 28)), then the effective absorbing volume can be approximated by replacing Dr by the skin-depth d in eqn (7) . Thus, considering a constant cap thickness Dr or an effective absorption within a layer given by the skin-depth d, the absorbing volume scales in the leading order of Dr with R 2 . If the particle radius R becomes comparable to the cap thickness and tends towards zero, then the two latter terms in eqn (7) become important, where the last term resembles the volume of the cap for a particle radius of R ¼ 0. The experimental situation for different particle radii and a constant gold cap thickness leads to P abs f R 2 also for the case when Dr z d. A different scaling behavior appears if the cap thickness is constant relative to the particle radius, i.e. Dr/R ¼ f, where f is a constant. In this case, the absorbing volume, the absorption cross section, and the absorbed power scale with R 2 as long as R > d/f. If the cap thickness decreases with the particle radius and reaches values below the skin-depth (i.e. R < d/f), the absorbing volume scales with R 3 . This case, however, is not realized in the experiment.
To access the scaling of the absorption cross section experimentally, we consider the size dependence of the scattering cross section and conclude on the scaling of the absorption cross section. For this purpose, we have extracted the integrated scattering intensity from the dark eld images as a function of time. The use of two different particle sizes in one sample allows us to determine the relative scattering intensity.
Two example time traces of the scattering intensity for particles of R ¼ 500 nm and R ¼ 375 nm are shown in Fig. 3A . The strong uctuations in the data are the result of the rotational motion of the particle. In Fig. 3B , the average relative scattering cross section normalized to the value for the R ¼ 250 nm particle is shown in a double logarithmic plot. Particles above a radius of 250 nm reveal a slope of two. Such a scaling for the absorption and scattering cross-section is expected for larger spherical gold particles, as displayed in Fig. 5 in the ESI. † We therefore conclude from the scaling of the relative scattering cross section that the absorption cross section depends on the square of the radius and therefore on the surface, as expected. Smaller particles (R ¼ 100 nm and R ¼ 160 nm) deviate from this scaling, most likely due to a changing effective thickness of the gold layer. Based on these results for the relative scattering cross section, we assume that the absorbed power scales as P abs f R 2 at a constant incident intensity I ¼ P 0 /A. This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
Size dependence of the temperature prole
The second parameter, which determines the photophoretic velocity of the particle, is the surface temperature gradient. To obtain the temperature prole for a given geometry, the steady state heat eqn (8) with the thermal conductivity k and the heat source density Q V has been solved numerically with the help of FEM simulations (COMSOL 4.2 Multiphysics). For the Janus particles, analytical results in the limit of a thin cap are also presented. The heat source density Q V is the ratio between the absorbed power P abs (see Section 3.1) and the volume V cap of the cap.
We have studied the temperature prole for a constant cap thickness Dr ¼ 50 nm but with varying particle radii. The used parameters for the numerical calculations are reported in the ESI. † The results for the temperature prole along the particle surface for different particle radii but a constant gold cap thickness are displayed in Fig. 4A . The temperature gradient along the surface VT k is then proportional to the temperature difference and the detailed shape of the temperature prole. Since the temperature difference between the gold and the polymer side scales with the absorbed laser power, we may express the temperature gradient as the product of the absorbed laser power and a geometry factor h(R), which contains all the details of the shape of the temperature prole. Both parameters depend on the particle radius R:
Assuming a constant cap thickness of Dr ¼ 50 nm, the geometry factor scales as depicted in Fig. 4B . The results of the numerical solution of eqn (8) show that above a particle radius of R ¼ 100 nm, h(R) drops with R À2 . This corresponds to the thin cap limit (Dr ( R), which has been obtained before in ref. 22 . For smaller particle radii (R < 100 nm), the geometry factor h(R) levels off, since the cap is no longer smaller than the particle. The parameter h(R) can be extracted from the experimentally determined phoretic velocity by rewriting eqn (2) and (9) into:
Since the measured phoretic velocity is size independent and D T is assumed to be size independent as well, the experimentally obtained geometry factor scales with the inverse of the absorption cross section for all studied radii and therefore with R À2 . The difference between the numerical calculations and the experimental data is within the obtained error of the phoretic velocity but shows slightly different scaling, especially for the smallest particles. This deviation is attributed to the ideal geometry of the gold cap assumed within the numerical calculations, which is different from the shape depicted in the electron microscopy images (see Fig. 1 and ESI †).
Size dependent propulsion efficiency
The above obtained results may now be combined to yield an expression for the efficiency of the self-thermophoretic swimmer. Similar to the temperature gradient, we may express the efficiency using eqn (1) and (9) as the product of the absorbed power P abs and a size dependent geometry factor
Thus, two main parameters inuence the efficiency and its size dependence. The rst is a geometry factor k(R), which tells us how an optically induced and xed temperature difference is converted into a temperature gradient. The second parameter P abs describes the ability of the swimmer to harvest energy from the incident laser power. The geometry factor k(R) scales with R À3 for large particles and shows a maximum at sizes around 20 nm, as visible in Fig. 5 (black curve) . Even though the experimentally studied swimmers are not in the size range to reveal this maximum, numerical calculations show that the position of the maximum is sensitive to the thickness and shape of the gold cap. For very small particle sizes, the Janus swimmer turns into a passive gold half-sphere, which still absorbs light but does not generate a directed motion due to the missing temperature gradient along the particle surface. Thus, the efficiency has to reveal a maximum. The experimentally studied swimmer sizes nicely follow the expected R À3 .
The power absorbed by the particle also directly affects the efficiency scaling, meaning that on one hand, at a xed particle radius R, the swimming efficiency increases linearly with the heating power, which is equivalent to a linear increase in the temperature difference across the self-thermophoretic Janus swimmer. This result is in contrast to the result in ref. 17 , where the efficiency is independent of the energy stored in the system. This difference arises from the fact that our denition of the input power includes the energy that is required to maintain the whole temperature eld around the Janus swimmer even though the radial temperature gradients are not contributing to the propulsion of the swimmer. Sabass and Seifert, however, only consider the viscous losses by the particle motion and in the boundary layer. 17 Further, the power dependence reported here suggests, at rst glance, no upper bound for the efficiency, whereas other swimmer efficiencies are bounded e.g. by the reaction rates for catalytic swimmers. 18, 20, 29 Similar effects may also be expected as, in general, a saturation of the absorption may occur at very high laser powers. However, this is typically close to the damage threshold of the materials. On the other hand, at a xed incident heating laser intensity, it is concluded from the experiments that the absorbed power scales with the swimmer radius squared, R 2 . The product of the absorbed power and the geometry factor thus reveal, in the limit of large swimmers, a 1/R dependence, which agrees well with earlier theoretical predictions.
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The deviation of the experimental results from the numerical data can be related to three aspects. First, the simple geometry which was assumed for the numerical calculation might not represent the real Janus particles accurately enough. Second, as discussed above, the scaling of the absorption cross section of the real swimmer is probably more complex. And third, the assumption that the thermodiffusion coefficient is size independent has only been shown for passive plastic particles in an external temperature prole and has to be veried for self propelled photophoretic swimmers.
Conclusion
In conclusion, the size dependent efficiency of photophoretic Janus particles has been studied experimentally and with the help of numerical calculations. The efficiency of the studied system can be separated into a product of their capability to build up a surface temperature gradient summarized by a geometry factor and the ability to harvest the externally supplied energy as quantied by the absorbed power. Numerical calculations show a scaling of the efficiency with the reciprocal size for large particle sizes R [ Dr, which is also conrmed by experimental data, including the size dependence of the propulsion velocity and the scaling of the scattering cross-section for self-thermophoretic Janus swimmers with a radius between R ¼ 100 nm and R ¼ 625 nm. For small particle sizes, the calculations reveal that the detailed shape of the metal hemisphere becomes important, which leads to a maximum in the efficiency of a real system. In contrast to other considerations of the efficiency, our results show a linear dependence of the efficiency on the absorbed power of the particle, which is due to the fact that a large amount of energy is spent in maintaining a temperature eld around the particle, which is not causing a directed motion of the particle.
